Abstract. This paper targets to investigate the solution of fuzzy quadratic Riccati differential equations with various types of fuzzy environment using Homotopy Perturbation Method (HPM). Fuzzy convex normalized sets are used for the fuzzy parameter and variables. Obtained results are depicted in term of plots to show the efficiency of the proposed method.
Introduction
Fuzzy differential equations have been expeditiously growing in recent years. Chang and Zadeh (1972) first introduced the concept of a fuzzy derivative, followed by Dubois and Prade (1982) who defined and used the extension principle in their approach. The fuzzy differential equation and fuzzy initial value problem are studied by Kaleva (1987 Kaleva ( , 1990 and Seikkala (1987) . Numerical method for solving fuzzy differential equations is introduced by Ma et al. (1999) by the standard Euler method. Bede (2008) has also been described the numerical solution of fuzzy differential equations in his note in an excellent way. Chakraverty and Nayak (2012) implemented fuzzy finite element method for solving uncertain heat conduction problems. Recently Tapaswini and Chakraverty and Nayak (2012) have proposed a new method to solve fuzzy initial value problem Different authors developed various other methods to solve fuzzy differential equations. Here we have considered Homotopy Perturbation Method (HPM) to solve fuzzy quadratic Riccati differential equation with different cases as it has many important applications in the analysis and design of linear periodic control systems.
Crisp quadratic Riccati differential equation is solved by various authors using different approximation method as reported here. Biazar and Eslami (2010) applied differential transform method to solve the equation. Tan and Abbasbandy (2008) discussed the solution of the said differential equation by the homotopy analysis method. Batiha (2012) proposed a numeric analytic method for approximating the quadratic Riccati differential equation. HPM is also used by Abasbandy (2006a,b) to find the solution of quadratic differential equation. Aminikhah and Hemmatnezhad (2010) have also adopted new form of homotopy perturbation method for solving quadratic Riccati differential equation.
In the above mentioned papers the parameter and variable are considered as crisp. The uncertainty in model of quadratic Riccati differential equation makes the problem more difficult to handle.
But in actual practice the variables and coefficients in the differential equations are not crisp (fixed). Those variables and coefficients are obtained by either some experiment or by experience. As such the coefficients and the variables may be used in interval or in fuzzy sense. So, we need to solve ordinary and partial differential equations accordingly. Recently, Tapaswini and Chakraverty (2013) applied homotopy perturbation method for solving fuzzy  n th order fuzzy differential equations. As discussed above here we have applied the homotopy perturbation method for the solution of fuzzy quadratic Riccati differential equation so, related papers about the methods are cited as below.
The Homotopy Perturbation Method (HPM) was first developed by Ji-Huan He (1999 He ( , 2000 and many author's applied this method to solve linear and nonlinear functional equations in scientific and engineering problems with crisp parameters. The solution is considered as the sum of infinite series, which converges rapidly to accurate solutions. Using the Homotopy technique in topology, a homotopy is constructed with an embedding parameter which is considered as a "small parameter". Accordingly, this method is continuously deforming a difficult problem to a simple form which is easy to solve.
In this paper, new vista has been attempted when the uncertainty is considered in term of fuzzy or in interval for the solution of quadratic Riccati differential equation. One may use the variable and parameter in the differential equation itself as fuzzy/interval or only the initial condition as fuzzy or both. For the present investigation the fuzzy quadratic Riccati differential equation is explained with both coefficients and initial value as fuzzy. There exists various types of fuzzy numbers to handle the fuzzy initial value problem but here only the triangular fuzzy number is considered for the analysis.
In the following sections preliminaries is first discussed followed by homotopy perturbation method with crisp initial value. Then numerical implementation of HPM for fuzzy quadratic Riccati differential equation with various fuzzy conditions lastly the conclusions is drawn.
Preliminaries
We begin this section with defining some definitions which are used throughout this paper (Zimmermann 2001 , Jaulin et al. 2001 .
Definition

Fuzzy number
A fuzzy number Ũ is a convex normalised fuzzy set Ũ of the real line R such that
 is called the membership function of the fuzzy set and it is piecewise continuous.
Triangular Fuzzy Number (TFN)
A triangular fuzzy number Ũ is a convex normalized fuzzy set Ũ of the real line R such t that i. there exists exactly one 
iii. iv. Bede (2008) ). By using this property, if we intend to solve the FIVP
Lemma 1
If u(t) = (x(t), y(t), z(t)) is triangular number valued function and if
(1)
we can translate it into the system of ODEs
Theorem 1 (Bede (2008))
Let us consider the FIVP (2) with ) , , (
Then the solution of (1) is triangular-valued function
and the problem (1) is equivalent to problem (2).
Homotopy perturbation method
To illustrate the basic ideas of this method, we consider the following nonlinear differential equation of the form.
With the boundary condition
where, A is a general differential operator, B a boundary operator, f(r) a known analytical function and Г is the boundary of the domain Ω. A can be divided into two parts which are L and N, where L is linear and N is nonlinear. Therefore Eq. (3) may be written as follows
By the homotopy technique, we construct a homotopy
or
where,
is an imbedding parameter, 0 v is an initial approximation of Eq. (3). Hence, it is obvious that
and the changing process of p from 0 to 1, is just that of )
In topology, this is called deformation, and
Applying the perturbation technique (He 1999 (He , 2000 , due to the fact that 1 0   p can be considered as a small parameter, we can assume that the solution of Eqs. (6) or (7) can as a power series in p as follows
when 1  p , Eqs. (6) or (7) corresponds to Eqs. (5) and (10) becomes the approximate solution of Eq. (5), i.e.
The convergence of the series (11) has been proved in He (1999 He ( , 2000 .
Numerical Implementation
Case 1
Let us consider the fuzzy quadratic Riccati differential equation
with fuzzy initial condition in the term of triangular fuzzy number viz.
Using  r cut triangular fuzzy initial condition becomes 
We can readily construct a simple homotopy for Eqs. (13) and (14) respectively which satisfies (19) and so on. , with the fuzzy initial condition. This is found to be exactly equal with the crisp Riccati differential equation for crisp initial condition. 
Case 2
Now consider the fuzzy quadratic Riccati differential equation 
Case 3
Let us now consider the fuzzy quadratic Riccati differential equation as Figs. 28 to 31 depict the interval solution for this case. Fig. 32 shows the corresponding crisp solution ( 1  r ).
Conclusions
In this paper, HPM has been successful applied to find the solution of fuzzy quadratic Riccati differential equations. The solution obtained by HPM is an infinite series with appropriate initial condition, which in turn be expressed in a closed form i.e., the exact solution. The result shows that the HPM is a powerful mathematical tool to solve fuzzy quadratic Riccati differential equation. It is also a promising method to solve other nonlinear equation. The solutions obtained are shown graphically. In our work, we use Mathematica package to calculate the series obtained from HPM.
